BmorPBP1, BmorPBP2 and BmorABPx also bind the pheromone component (10E,12Z)-hexadecadienal (bombykal) equally well, whereas BmorGOBP2 can discriminate between bombykol and bombykal. X-ray structures show that when bombykol is bound to BmorGOBP2 it adopts a different conformation from that found when it binds to BmorPBP1. Binding to BmorGOBP2 involves hydrogen bonding to Arg110 rather than to the Ser56 as found for BmorPBP1.
Introduction
In insects odorant-binding proteins (OBPs) provide the initial molecular interactions for chemical signals (semiochemicals) such as pheromones and host odours and are thought to ferry the semiochemical molecules across the antennal sensillum lymph to the olfactory receptors (ORs). The involvement of pheromone-binding proteins (PBPs) and general odorant-binding proteins (GOBPs) in recognising and transporting pheromones and host odours is supported by the findings that they are highly concentrated (up to 10 mM) in the lymph of chemosensilla, that some are expressed specifically in antennae and that the distribution of the different subfamilies of OBPs is related to specific functional chemosensilla.
1,2,3, 4, 5, 6, 7, 8 All insect OBPs have six highly conserved cysteine residues 9,10 which form disulphide bridges stabilising the 3D structure. 11, 12, 13 This sequence motif has been used for genome-wide identification and annotation of OBP genes in a range of insect species. 14, 15, 16, 17 Based on their sequence and their expression patterns in male and female antennae, OBPs in lepidopteran species are usually divided into different subfamilies; the PBP 18 , the GOBP 9, 18, 19 and the antennal binding protein X homologues (ABPx). 20 PBPs of Lepidoptera are either specific to, or highly enriched in, the antennae of male moths and have been shown to bind the sex pheromones produced by females. 2, 21, 22 However, PBPs have also been found in the antennae of females and in male sensilla which are not pheromone-sensitive. 20, 23, 24, 25, 26 GOBPs are usually expressed equally in the antennae of both sexes consistent with a proposed role in the detection of host volatiles. 3, 20, 25, 27, 28, 29, 30 ABPxs display limited sequence homology to PBPs and GOBPs but have the same sequence motif of the conserved cysteine residues as PBPs and GOBPs. 20 No specific role has yet been proposed for them.
Although it has been shown in vitro that OBPs can facilitate the passage of semiochemicals to the ORs, where the response of the insect to the chemical signal is initiated 31, 32, 33, 34, 35, 36 , there is no conclusive evidence showing this in vivo. Thus the exact functional roles that these proteins play in insect olfaction remain unclear. In at least one case, the ligand-OBP complex may activate the OR directly rather than by releasing the odorant molecule to the OR. 37 In the silkworm Bombyx mori, four putative PBPs and five GOBPs have been observed by iso-electric focussing and mobility in native gel electrophoresis and N-terminal microsequencing. 27, 38 The PBP, BmorPBP1, was first isolated from male antennae 39 and the corresponding gene was cloned, together with genes for BmorGOBP1, BmorGOBP2 and BmorABPx, by screening a male antennal cDNA library. 20 BmorGOBP2 was found to be expressed at a very high level in the long sensilla of female moths. 21 BmorPBP1 and its binding to pheromone components have been the subject of intense study in recent years as a model system for understanding the functions that OBPs may play in insect olfaction. 40, 41, 42, 43, 44, 45, 46 Cells expressing BmorPBP1 are closely associated with the cells expressing
BmorOR-1 and BmorOR-3 in the long sensilla. 8, 47 Co-expression of BmorPBP1 with BmorOR-1 in an 'empty' neuron of Drosophila melanogaster 48 increased sensitivity of the receptor to the sex pheromone component (10E,12Z)-hexadecadien-1-ol (bombykol).
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BmorPBP1 has also been shown to mediate a response to bombykol but not to another pheromone component (10E,12Z)-hexadecadienal (bombykal) in cultured HEK 295 cells expressing BmorOR-1. 34 The authors also proposed that there was another unidentified PBP responsible for mediating the bombykal response observed in the long sensillum. 34 They have recently identified two additional PBP genes encoding BmorPBP2 and BmorPBP3 but neither protein is co-expressed with BmorPBP1 and BmorOR-1 in the long sensilla. 49 Pheromones are usually blends of chemicals specific to a species and for B. mori the pheromone blend comprises bombykol, bombykal and (10E,12E)-hexadecadien-1-ol. 50 However, only bombykol is able to induce mating behaviour at a physiological concentration and bombykal acts as an antagonist to bombykol. 50, 51 Binding of BmorPBP1 to bombykol has been demonstrated by X-ray crystallography, 13 NMR structural characterisation, 43, 44, 46 electrospray-mass spectrometry (ESI-MS) 52 ,53 and other biochemical methods. 40, 42 It has been shown that the binding is both pH and ligand dependent. 43, 44 At acidic pH, or in the absence of bombykol, the C-terminus forms an α-helix and occupies the ligand binding pocket 44, 45, 46 and a conformational change brought about by a change in pH to more acid near the ORs is thought to be the ligand release mechanism when the BmorPBP1-bombykol complex reaches the ORs. 43, 44, 54, 55 There is some evidence that BmorPBP1 can bind to both bombykol and bombykal. 56 However, ligands may be utilising very different molecular interactions when they bind to an OBP, which may influence the conformational properties of the OBP/ligand complex. 37 In this study we set out to annotate all possible OBP genes in the B. mori genome, examined the tissue expression patterns of six of the genes from three subfamilies and studied the binding of recombinant OBPs to the sex pheromone component bombykol and its analogues using a new two-phase binding assay and a competitive binding assay with a fluorescent probe. As a consequence of this work we also investigated the crystal structures of BmorGOBP2 complexed with bombykol and the analogues.
Results

Identification of OBPs in the Bombyx mori genome and EST libraries
To identify putative OBPs in the B. mori genome (21,302 peptide sequences) and EST libraries (245,762 ESTs) we utilised our in house developed MotifSearch algorithm. 17 In this case we combined the sequences motifs used previously for Classic and Atypical OBPs of D.
melanogaster and Anopheles gambiae. 14, 17 Thus the sequence motifs used in the MotifSearch algorithm are C1 X15-39 C2 X3 C3 X21-38 C4 X7-15 C5 X8 C6, and C1 X8-41 C2 X3 C3
39-47 C4 X17-29 C4a X9 C5 X8 C6 X9-11 C6a for Plus-C OBPs. The sequences identified by the MotifSearch were BLASTp searched against known OBP sequences in the GenBank.
The sequences with E-value of less than 10 -6 to any known OBP sequences and with less than 9 cysteine residues were selected. Other OBP features such as molecular weight, pI and signal peptide were also used. Figure 1 and the data were used to construct a phylogenetic tree (Figure 2 ) which clusters the sequences into three distinct groups; PBPs, GOBPs and ABPs. The seven new OBPs are clustered with ABPx. The total number of 13
OBPs for B. mori is much less than that found in Anopheles gambiae (66) and D.
melanogaster (49) 17 , but is comparable to the numbers found in the honey bee Apis melifera 57 and the pea aphid Acyrthosiphon pisum (unpublished).
Expression of Bombyx mori OBPs
The levels of transcripts of six B. mori OBPs, BmorPBP1, BmorPBP2, BmorPBP3, BmorGOBP1, BmorGOBP2 and BmorABPx in adult moth tissues were measured using qRT-PCR. The measurements were carried out using two internal controls, an elongation factor and an actin. Results with the elongation factor are shown in Figure 3 and similar results were obtained with actin (data not shown). In general the levels of transcripts were very low in all tissues except in antennae where BmorPBP1, BmorGOBP1, BmorGOBP2 and BmorABPx were highly expressed. These results are consistent with the high levels of the proteins encoded by these genes found in antennae by Western blot analysis and immunocytochemical labelling experiments. 2, 21 Our results also show very low and insignificant transcript levels for BmorPBP2 and BmorPBP3 in all tissues in agreement with previous findings using in situ hybridisation. 49 Thus our data show that at least one member of each phylogenetic cluster of B. mori OBPs is expressed at high levels in the antennae and could therefore be involved in detection of odour ligands. 
Competitive binding of ligands to
Non-fluorescent assays of ligand binding to Bombyx mori OBPs.
We first tested the ability of BmorPBP1 to bind to bombykol and the control ligand 1-hexadecanol, alone or mixed together, using a cold binding assay. 40 There was no difference in binding to these two structurally different compounds when they were tested alone but when they were mixed there was discrimination between the ligands i.e. more bombykol than 1-hexadecanol was detected bound to BmorPBP1 (data not shown). Therefore, all subsequent binding experiments were carried out using mixtures of ligands. All of the B. mori OBPs tested bound to bombykol and its four analogues but the BmorGOBPs and BmorABPx bound better than did BmorPBP1 ( Figure 7A ). There was also no difference between the binding of bombykol and bombykal to BmorPBP1, consistent with our competitive binding results and those of others.
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In this cold binding assay, ligands could be released from the binding pocket during the washing step when the equilibrium is broken. We therefore developed a 'two-phase' binding assay. In this the protein in buffer is incubated with a mixture of ligands dissolved in hexane in two phases. Depletion of ligands from the top phase was measured by GC and compared with a control. The results for the five B. mori OBPs and five ligands are shown in Figure 7B . Again there is no significant difference in the binding of bombykol and bombykal to BmorPBP1, BmorPBP2 or BmorABPx but BmorGOBP2 did bind more to bombykol than to bombykal.
X-ray structure of BmorGOBP2. The structure of BmorPBP1 with bombykol (PDB ID: 1DQE) 13 was the only previous OBP structure that gave a marginal solution calculated with PHASER. 59 The RMSD of Cα-atoms is 1.6 Å over 120 of 137 residues after refinement. The most significant differences between BmorGOBP2 and BmorPBP1 are at the C-terminus and in the second helix ( Figure 9A ). In BmorGOBP2 the longer C-terminal tail forms a regular amphipathic alpha helix that packs across the top of the N-terminal helix whereas in the BmorPBP1 complex with bombykol the C-terminus inserts between the first and second helices to close off the binding pocket. 13, 43, 44, 45 The region equivalent to the second helix of BmorPBP1 is not a regular helix and the backbones of the two proteins take a completely different path between amino acid residues 29 and 37 including a bulge of residues 33-35 in BmorGOBP2 that occupies the position of the C-terminus in the BmorPBP1 structure. Probably the most significant residue in the structural change is Phe41 in BmorGOBP2 which is much more deeply buried in the protein than is Tyr41 in BmorPBP1 and occupies the space of the last turn of the second helix in BmorPBP1 ( Figure 9A ). In contrast the side chain of Tyr41 of BmorPBP1 interacts with the side chain of Asp32 which reinforces the second helix in BmorPBP1. The equivalent of position 41 is also a phenylalanine in BmorGOBP1 but a tyrosine in all of the PBPs, indicating that this is a major distinction between the two subfamilies ( Figure 1 ).
X-ray analysis of ligand binding to BmorGOBP2.
Inspection of the difference maps of the BmorGOBP2 structures revealed evidence of tubular density in their hydrophobic cavities. In the structure with no added ligand, the C-terminus does not occupy the binding site as seen with BmorPBP1, but this was only achieved with BmorPBP1 either at low pH or after exhaustive removal of the substrate from the binding site. The most striking feature of the BmorGOBP2/ligand complexes is that the conserved Ser56 residue does not appear to take part in hydrogen bonding to the ligands in contrast to the bombykol bound structure of BmorPBP1. 13 Instead, each examined ligand appears to make some kind of interaction with Arg110. In all structures the ligand density although not of the highest clarity is clearly directed towards Arg110 and not Ser56 ( The extended interaction via a water molecule makes the formation of an additional hydrogen bond to Glu98 possible. This residue has been suggested as being of importance in molecular dynamics studies of ligand binding in BmorPBP1. 55, 56 In this study a hydrogen bonding network involving the side chain of Glu98 and the main chain amide of Leu68 is implicated in a conformational change allowing ligand release via loss of restraint of the beta II turn region of the molecule when ligand competes for hydrogen bonding to Glu98. The beta II turn is a structural feature conserved in BmorGOBP2 as is a hydrogen bond to the amide of residue 68 (a methionine in BmorGOBP2). The bombykal polar group is an aldehyde and as such it is only able to accept hydrogen bonds. This is in contrast to the hydroxyl groups of the other ligands that are able to both accept and donate. This might be a significant feature as bombykal would not be able to form the additional hydrogen bond to Glu98 unless that residue was protonated. However, given that the pH of crystallisation is 8.5
this may be unlikely. The loss of such a bonding interaction might explain the differences observed in binding between bombykal and bombykol.
Discussion
The transcripts of BmorPBP1, BmorGOBP1, BmorGOBP2 and BmorABPx are highly expressed in antennae and when recombinant proteins from these genes were studied all but bridge disruption in the D118A mutant gave a mutated protein that would constitutively activate T1 neurons when the receptor Or67d was present without the need for ligand. The conformational shift is thought to be driven by movements of Phe121 in the C-terminus. 37 In
BmorGOBP2 there is a structurally analogous salt bridge to that in LUSH, between Lys89 and Glu125. This is extended in the bombykol structure to 3.4 Å compared to 2.9Å in the bombykal structure but is certainly not broken. We see other conformational changes of a similar magnitude between the BmorGOBP2/bombykol and bombykal structures but cannot rule out these being purely due to crystal packing differences.
In the honey bee PBP ligand binding is dependent on a low pH and protonation of Asp35 which locks down the C-terminus in a conformation that closes the active site by a hydrogen bond to the main chain of Val118. 63 In BmorPBP1/bombykol structure the Cterminus blocks the rear entry to the pocket with Val135 coming within 4Å of bombykol.
However, it is not immediately apparent why this interaction is not reiterated in the complex with iodohexadecane as there is similar exposure of the aliphatic chain for Val135 to interact with.
44, 62
Therefore there is a possible theme with LUSH, BmorPBP1 and the bee PBP having the C-terminus responding in a different manner to physiological ligands than to nonspecific ligands. However, with BmorGOBP2 due to the blocking of the rear pocket by the bulge formed by amino acid 33-35 the C-terminus cannot sense the ligand directly.
Our data do not agree with previous suggestions that BmorPBP1 is specific for bombykol and that BmorGOBP2 is involved in detection of plant volatiles as predicted by the immunochemical localisation. Instead we find that both proteins bind to bombykol and bombykal. Our studies also show that BmorGOBP2 binds differently to bombykol and bombykal in both a fluorescent competitive binding assay and non-fluorescent binding measurements. The structural evidence would indicate that lack of hydrogen bonds to Glu98 may be the source of this discrimination. This suggests that BmorGOBP2 may also have a role in pheromone perception as bombykol is a stronger stimulant than bombykal.
Materials and Methods
Identification of Bombyx mori sequences containing OBP Motifs.
The whole genome peptide sequences of B. mori were downloaded from the Silkworm knowledgebase (http://silkworm.genomics.org.cn/jsp/download.jsp) and the EST sequences were retrieved from the NCBI EST database (http://www.ncbi.nlm.nih.gov/dbEST/) and searched using the OBP 'MotifSearch' program described previously. 14, 15, 16, 17 The OBP sequences identified were aligned using Clustal X (8.1) 64 with default gap-penalty parameters of gap opening 10 and extension 0.2. The phylogenetic tree was then constructed from the multiple alignments using MEGA 4 software. 65 The final unrooted consensus tree was generated with 1500 bootstrap trials using the neighbour-joining method 66 and presented with a cut off value of 70.
Quantitative RT-PCR (qRT-PCR).
B. mori 
Quantification of relative tissue expression.
It was found that the expression levels of the reference genes varied between tissues making it impossible to have a common calibrator for comparison of the expression levels across different tissues. Therefore the 'cycle threshold' scores (Cts) of the reference genes were determined in each tissue and the relative expression levels of each gene were calculated against the expression levels of the reference gene in the same tissue. Raw Cts were converted to quantities representing relative expression levels using a modified comparative Ct method 67 with correction for different amplification efficiencies. 68 
Chemical synthesis.
The four analogues of bombykol, including bombykal were synthesized in house and the synthesis schemes are detailed in Supplementary Figure 1 . NMR and GC analyses were used to confirm the structure and purity of the synthesized compounds. 1 H and 13 C NMR spectroscopy were performed using a Bruker 500 Advance NMR spectrometer with 1 H referenced to CDCl3 (7.25 ppm), 13 Crystallisation and 3D structure of BmorGOBP2.
BmorGOBP2 was concentrated to 10mg/ml and co-crystalised with a ten fold excess of ligand. The GOBP2/bombykol complex was found to crystallise in Hampton screen 1, condition 6, (30% Peg 4000, 200mM MgCl 2 , 100mM Tris pH 8.5) at 16C and other complexes crystallised in similar conditions. Diffraction experiments were performed at the Diamond Light Source, Harwell, UK. 25% glycerol in the mother liquor was used as a cryoprotectant. The best crystals diffracted to below 2Å resolution Data were integrated in MOSFLM 69 and input into the molecular replacement workflow MrBump, 70 where the space group P3 2 21 and search model 1DQE were found to give the best solution using Phaser. 59 The model was refined with Refmac 71 and phenix. 72 Model building was performed with the program Coot. 73 After several rounds of refinement, the ligand was fitted to the difference map density present in the molecular cavity. Subsequent ligand structures were solved using the bombykol structure with the ligand and waters removed as a starting structure using a constant set of Rfree reflections. 28. Krieger conserved (more than 80% identical over all sequences) and residues in grey are conserved to a secondary level (more than 60% but less than 80% identical over all sequences). Figure 2 . Phylogenetic relationship between Lepidopteran OBPs. The unrooted consensus tree was constructed from the multiple alignments using MEGA4 software 65 and generated with 1500 bootstrap trials using the neighbour-joining method 66 : 
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